Abstract-This paper presents a new approach of maximizing energy harvesting in photovoltaic (PV) systems using bisection search theorem (BST). The fundamental of the BST and its application into maximum power point tracker (MPPT) in PV systems are described. A microcontroller is used to control a DC/DC boost converter to realize the MPPT function. Experimental results from solar array simulator show that the proposed technique can track maximum power point very fast within a few steps. The feasibility of the proposed MPPT is also verified in natural environment condition with two solar modules in parallel. Since the proposed technique is simple in computation, cheap in implementation and fast in tracking, it is expected to be widely used to replace conventional MPPT techniques in PV systems.
I. INTRODUCTION
With ever-increasing concerns on environment and energy conservation, the research and development of photovoltaic (PV) system technology has been accelerated recently due to its free of pollution, silent operation, long life time and low maintenance [1] . Although the improvement of solar cell technologies and the increasing demand for PV systems have led to a reduction of the price of PV module [2] , the costs of PV systems are still too high. Therefore, it is an important to design the PV systems which can maximize energy harvesting from Sun through solar modules. The output power of solar module varies as a function of solar radiance, temperature and operating point because of its nonlinear current-voltage (I-V) relationship [3] . Therefore, the maximum power point tracker (MPPT) is widely used to maximize the power output of the solar module. As such, many MPPT techniques have been developed and implemented. The techniques vary in sensors required, tracking speed, complexity and cost of hardware implementation, such as Hill Climbing/P&O and its variants [4] [5] [6] [7] , Incremental Conductance and its variants [8] [9] , Factional Open-Circuit Voltage [10] , [11] and Fractional Short-Circuit Current [12] . For those techniques, the qualitative comparison and the quantitative comparison in terms of simulation and experiment have been conducted [13] [14] [15] , respectively. The results show that Hill Climbing/P&O and Incremental Conductance are in general the most efficient techniques. For these two techniques, the derivatives of voltage and power measured from the solar module are still required. In this paper, a novel MPPT technique based on bisection search theorem (BST) is proposed without the necessity of derivative computation. Thus, the new technique is even simpler in computation, cheaper in implementation and faster in tracking. The experimental results from solar array simulator in the laboratory show that the proposed technique can track maximum power point very fast within a few steps. The feasibility of the proposed technique is also verified under real solar modules at the presence of natural environmental conditions. Thus, it is expected to be widely used to replace conventional MPPT techniques in PV systems.
II. BISECTION SEARCH THEOREM AND MPPT APPLICATION

A. Prinple of bisection search theorem
The bisection search theorem is one of the bracketing methods for finding roots of equations [16] , [17] The BST systematically moves the endpoints of the interval closer and closer together in the pace of halving interval for each step until an interval of arbitrarily small width that brackets the zero is obtained. (1) or (2) occurs, an interval half as wide as the original interval that contains the root is found as shown in Fig.1 . If the process continues, 
From (1), it can be seen that increasing n can make n c more closer to * x at the DOA in terms of the value of
B. MPPT technique based on BST
In order to apply the BST into the MPPT technique in PV systems, the function of ) (x f y = and the variable x should be chosen carefully. Fig. 2 shows a real current-voltage ) ( V I − curve of a solar module and its corresponding power-voltage ) ( V P − curve tested in a sunny day in Singapore. From the V P − curve, it can be observed that the change in power P Δ with respect to voltage approaches zero at the maximum power point as illustrated in Fig. 3 . Obviously, the powers at short circuit voltage (0 V) and open circuit voltage ( oc V ) are zero, so maximum power should not happen in these two particular points even though the changes in power at these two points are also zero, which is caused by the small powers around these two points. Thus, tracking the maximum can be regarded as the change in power P Δ , where the variable x is the voltage of solar module or solar array and can be written as:
where m V is the voltage across the solar module. To regulate the voltage m V , converters are conventionally required as interface between solar modules and loads.
A DC/DC booster converter is adopted to implement the proposed MPPT technique in this paper. Fig. 4 shows the schematic diagram of the system. When the converter works at continuous mode, the relationship between the duty cycle and the voltage of solar modules at steady-state is written as:
where out V is the output voltage of the converter. Thus, the duty cycle D ( 1 0 ≤ ≤ D ) can be used to regulate the voltage of solar module or solar array [18] . The working principle of the system can be described as follows. The entire system is controlled by a microcontroller. The voltage and current of solar modules are continuously sampled and the duty cycle of the converter is calculated by the microcontroller based on the proposed MPPT technique using the BST. The flowchart of the program embedded in the microcontroller is shown in Fig. 5 . To verify the feasibility and effectiveness of the proposed MPPT technique, the hardware of the system has been set up. Two sources were used to test the proposed MPPT. One is a real solar module working under natural environmental conditions while the other is a solar array simulator which simulates different sizes of solar modules under different conditions.
A. Solar modules
The solar module is a power source of PV systems. In this experimental setup, solar array consists of two solar modules connected in parallel. The specifications of the solar module are shown in Table 1 . These two solar modules have almost the same I-V characteristics, then the output voltage of the solar array is equal to the output voltage of one solar module, and the output current is twice as much as the output current of one solar module. Thus, for this solar array at a sunny day, the voltage at the maximum power should be around 14.5 V while the current at the maximum power should be around 6.2 A, as shown in Fig. 6 . 
B. Solar array simulator
The solar array simulator (SAS) is the important tools to investigate the PV systems. It can create the I-V curve of different sizes of solar array under various environmental conditions. It can also test the response time of the MPPT when solar radiation changes from one into another. Fig. 7 shows the Agilent SAS model of E4360. It can output power up to 1200W with maximum open circuit voltage of 130V and maximum short circuit current of 10 A. Therefore, any size of solar array within the above-mentioned ranges can be simulated by using this SAS. 
C. Hardware implementation of MPPT
The proposed MPPT based on the BST is realized by a Freescale MC9S08AW60 Microcontroller. The inputs of the microcontroller are the voltage and current sensed from solar array and the output of the microcontroller is the pulse width modulation (PWM) pulse which is used to control the dutycycle of the IGBT in the DC-DC boost converter through a gate driver circuit as shown in Fig. 4 , where the parameters of major components are illustrated in Table II . The C-language program is employed in this controller. The experimental setup of the proposed MPPT is shown in Fig. 8 . 
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
A. Experimental results
Three types of tests have been conducted on the experimental setup of the MPPT technique based on BST.
The first type of test is to prove its feasibility and show the steps of how the proposed MPPT tracks the maximum power point under constant solar radiation, where the SAS repeat generating one I-V curve. The results of tracking process which shows variation of voltage, current and power are illustrated in Fig. 9 . It can be seen that seven steps are approximately required for the proposed MPPT to track the maximum power which is equivalent to about 1.5 seconds. Fig. 9 Verification of feasibility and steps to track maximum power for the proposed MPPT
The second type of test is to investigate its tracking capability under slow variation of solar radiation, where the SAS generates two I-V curves repetitively with a defined interval in between. The results of tracking process which shows the variation of voltages, currents and powers under the conditions of the changing solar radiations are illustrated in Fig. 10 . It indicates that the proposed MPPT can still track the maximum power point despite the changing solar radiation. The third type of test is to operate the proposed MPPT under natural environmental conditions, where the MPPT controller is connected to two solar modules in parallel as shown in Fig. 6 . The experimental results are illustrated in Table III . Under different times (or solar radiations), the duty cycle of power converter can stabilize at 40.6% and 32.7% (see Figs. 11 and 12) , respectively, which are very close to the values of duty cycles: 41% and 33%. These two values are corresponding to the maximum powers for the solar modules at the times indicated in Table III.   TABLE III 
B. Discussions
According to the description of the proposed MPPT technique and its experimental results, some observations can be made and discussed here.
Firstly, there is no any requirement of derivatives of voltage and power measured from solar array, which reduces the complexity in computation and hence implementation. Therefore, the proposed MPPT technique is very suitable for the use of PV systems.
Secondly, the control signal of IGBT can be easily generated due to the fact that every time the new duty cycle is simply taken by halving the sum of its previous value and current value. Thus, tracking maximum power point can be very fast within a few steps.
Finally, although some ripples of voltage, current and power can be seen from the experimental data which is not evitable for the DC/DC booster converter, the proposed MPPT technique can still work well, which show a certain degree of robust and reliability of the proposed MPPT technique.
V. ONCLUSIONS AND FUTURE WORK
In this paper, a novel MPPT technique based on bisection search theorem has been presented. A microcontroller together with a DC-DC boost converter is applied to implement the proposed MPPT control system. Experimental results from solar array simulator show that the proposed MPPT technique can track the maximum power very fast under slow variation of solar radiation within a few steps. The feasibility of the proposed MPPT control system has also been verified in natural environmental conditions.
Further research can be conducted on how the proposed MPPT can track the maximum power at fast change of solar radiation and how it can identify the global maximum and local maxima under the partially-shaded solar modules. 
